Abstract-LED solar simulators have been discussed recently as a potential next generation solar simulator. This contribution evaluates the possibilities of generating a light field of appropriate spectrum with good uniformity. LEDs have very different optical characteristics compared to standard lights and this needs to be considered in the optical design. The aim in this paper is to achieve a close spectral match to the AM1.5 solar spectrum from 350nm to 1300nm. A total irradiance of 1000 W/m 2 needs to be acquired. Additionally, the non-uniformity of light needs to be equal to or less than 1%. The key to mix spectra and achieve the desired intensity and uniformity is the optics. This paper evaluates different optical layouts to assess the potential for fully LED based solar simulators. The TIRs perform better collecting more light than other optics tested.
I. INTRODUCTION
As solar installations are constantly increasing worldwide, high quality characterization of photovoltaic modules for accurate power rating and energy yield prediction measurements is critical and more essential than ever. Most manufacturers offer a 20-25 year warranty for their panels. However, if the characterization of the modules is not precise and their quality does not meet the promised levels, the lost revenue of an investment can be large. Therefore, the need for a class AAA solar simulator is great.
The main sources of measurement uncertainty are the spectral match, the non-uniformity of light and the reference cell. They can increase the measurement uncertainty significantly. In order to minimize two main uncertainty factors related to solar simulators, the spectral mismatch and the non-uniformity of light, a close spectral match and a good uniformity of light need to be acquired.
It is being argued that LEDs are excellent candidates as light sources in solar simulators as they have the potential to result in a class AAA system, regarding the IEC standards [1] . It will be shown that one main advantage in using LEDs as main light sources in a solar simulator is their capability to achieve a close spectral match to the AM1.5 solar spectrum, which improves the measurement accuracy of the solar simulator. They could also be regulated to meet any other desired Air Mass as long as realistic intensities are required. Their effectiveness in achieving variable light intensities and variable output spectra provides more flexibility in reproducing realistic environmental conditions in the solar simulator [2] . During the prototype development at CREST, it became clear that the key to a successful project would be the optics. LED solar simulators proposed so far have followed a diffuse approach with regard to the light distribution [2] - [9] . In cases where comparative characterization of solar panels is sufficient a diffuse solar simulator can be used. However, in test laboratories, where each measurement is independent and characterization is performed on a case-by-case basis, uncertainties introduced by diffuse light do not allow for an accurate measurement. The reflections taking place cannot be predicted. As a result, the current is often overestimated due to the lack of calibration. Therefore, a directed beam approach needs to be followed.
The irradiance on an illuminated area is decreasing as the light source is moving away from it following the inverse square law. Staying close to the light source provides good collection efficiency but the uniformity and color matching can be very poor. Hence, the use of optical elements may be beneficial. It is crucial that directionality of light is preserved.
The effect of optics in the uniformity and collection efficiency of light is to be investigated here. It has been decided that non-uniformity of light should be less than 1% to have half the non-uniformity specified in [1] . The irradiance should reach 1000 W/m 2 to allow for standard test conditions (STC) measurements. Different design options will be evaluated and their success in meeting those goals will be discussed.
However, reaching the desired irradiance and nonuniformity levels is not the only prerequisite for a high quality measurement unit. A close spectral match to the AM1.5 solar spectrum is equally crucial. The potential of achieving a class A spectral match using LEDs across the 350nm-1300nm range, to cover for the spectral response of different PV technologies, will be presented.
II. COLLECTION EFFICIENCY AND UNIFORMITY EVALUATION OF DIFFERENT PRIMARY OPTICS
The aim is to design, as a proof of concept, a medium area measurement unit. Thus, the illuminated area was chosen to be 32cm x 32cm. The irradiance patterns of the various optical designs were calculated using an optical engineering software called FRED by photon engineering and the collection efficiency and non-uniformity calculations were performed in Matlab.
A wide variety of high power LEDs is available on the market. Different LEDs of different layouts were chosen to test their effectiveness in collection efficiency and uniformity of light. The three layouts chosen were LED dies on their own, packaged LEDs, i.e. the die with a dome on top and packaged LEDs with multiple dies. The dimensions of these LED types are different. Therefore, the number of LEDs that can fit in a certain area changes with the type of LEDs used. Primary optics, which are placed directly on the LED, aim at collimating the light and at increasing the collection efficiency. A common angle of divergence of LEDs is ± 60 degrees which can be reduced to ± 4 degrees with the usage of primary optics. The challenge then is to mix and homogenize the light. The optical elements chosen in this study were standard optics designed for LEDs. More specifically, an aspheric lens, a parabolic mirror (PM) and a total internal reflector (TIR) were the main primary optics, which were considered. The aspheric lens was chosen for its simple design and collimating capabilities. Both the parabolic mirror and the TIR were chosen for the high collimation and collection efficiencies they can result to. The diameters of the optics are different resulting in a different number that can fit in a specified 'lamp' area.
Primarily the goal was to populate a specified area with different combinations of LEDs and primary optics and measure the irradiance and the non-uniformity of light on an illuminated area positioned at various distances away from the lamp. All the simulations were carried out for distances 0.5m to 4m in 0.5m intervals. As it can be seen in Fig. 1 the irradiance decreases radically and the uniformity increases substantially within the first meter and then the graphs level off. Therefore, the distance of 1m was chosen for the comparison of the performance of the different optical layouts in order to compensate between the irradiance and uniformity levels.
Different 'lamp' areas were chosen to determine the size of the lamp and the number of optical elements required to produce 1000 W/m 2 . Initially a 10cm x 10cm 'lamp' area was chosen to test whether the LEDs that would fit on it could produce 1000 W/m 2 . All components were placed equidistantly. The number of LEDs that fit in a specific area can be seen in Fig. 2 .
Despite the large number of LED dies that the lamp comprises of when no optics are used, it can be clearly seen in Fig. 3 that the irradiance level of 1000 W/m 2 (line in blue) cannot be reached. On the other hand, the usage of primary optics increases the collection efficiency resulting in higher irradiance levels. However, primary optics are larger in size and the number of elements positioned in a 10cm x 10cm lamp area are small to result in the desired irradiance levels. Therefore, larger lamp areas were tested as well as shown in Fig. 4 and Fig. 5 .
All the cases are considered ideal and it is assumed that no losses occur. It is clear that aspheric lenses do not perform well enough and will not be considered further as they only reach 1000 W/m 2 when the size of the lamp is 32cm x 32cm and the number of optical elements needed is much higher compared to the cases of parabolic mirrors and TIRs. Furthermore, once the optical losses are calculated the aspheric lenses will no longer meet the requirements. Thus, a higher collimation is desired to achieve higher irradiance levels.
Both the parabolic mirrors and the TIRs managed to reach 1000 W/m 2 for 20cm x 20cm and 32cm x 32xm lamp areas and they perform much better when positioned on top of the packaged LEDs with multiple dies, which are more powerful. However, the parabolic mirrors have smaller diameters than the TIRs resulting in more elements populating the lamp area.
978-1-4799-3299-3/13/$31.00 ©2013 IEEE Therefore, the TIRs perform better than parabolic mirrors when the same number of elements is used as shown in Fig.6 . The irradiance levels acquired by the TIRs show that when a larger number of LEDs is used the irradiance is sufficient even after all losses are calculated. The losses that need to be taken into account are thermal, optical and driver ones. It can be seen in Fig. 7 that even after 50% losses were considered the TIRs still offered irradiance levels above 1000 W/m 2 except for packaged LEDs of single die. This is due to their lower power outputs.
Therefore, the most efficient primary optics which will be considered for the non-uniformity analysis are the TIRs. As it has been mentioned above, the desired illuminated area with non-uniformity levels of 1% was chosen to be 32cm x 32cm to be sufficient for medium area modules. Different lamp sizes and different LED positions were simulated to calculate the non-uniformity. Fig. 8 shows the variation of non-uniformity and of the size of the lamp edge with different numbers of LEDs. The higher the number of LEDs, the lower the non-uniformity percentage achieved. However, the area of the lamp increases significantly with the increase of the number of LEDs.The simulations showed that a 1.5% non-uniformity over a 32cm x 32cm illuminated area can be reached for lamp sizes greater than 700cm x 700cm when the LEDs were positioned at a 1mm distance from each other. More distances between the LEDs were also simulated as the light mixing improves. However, the increase of distance results in the reduction of LEDs that fit in a specific area. As a result the non-uniformity did not improve for greater LED distances.
III. SPECTRAL MATCH
A selection of LEDs available on the market was chosen to simulate the solar spectrum. An optimization method was followed to specify which and how many of those LEDs lead to a class A spectral match. The main objective is to minimize the difference between the theoretical AM1.5 solar 978-1-4799-3299-3/13/$31.00 ©2013 IEEE spectrum and the spectrum constructed by the LEDs by using as fewer LEDs as possible. The standards specify a class A spectral match if it is within the 0.75-1.25 range for 5 different 100nm bins and a 200nm bin [1] . Two different optimization techniques need to be followed to solve different aspects of the problem. The first one is the determination of the number of LEDs per wavelength for a given set of wavelengths and the second one is the determination of the best combination of wavelengths. They both depend on each other. The second optimization method chooses a combination of LEDs for every iteration and then the first optimization method determines how many of those LEDs should be used and what the best possible fit to the target spectrum should be. The accuracy of the result depends on the precision of the algorithm used. Therefore, a superior optimization method should be used to determine the optimum solution.The simulations are very computing intensive due to the great number of possible combinations which can be calculated. The number of possible wavelength combinations increases exponentially with the number of LEDs. It becomes clear that this problem cannot be solved analytically as it is time consuming.
The optimization method chosen for the first objective is the X 2 (chi-squared) algorithm while the optimization method chosen for the second objective is the genetic algorithm. These algorithms were chosen for their speed, accuracy and reliability. However, the genetic algorithm has many internal parameters that require to be set and they are specific to each problem. Therefore, in order to determine the best values for all those parameters a lot of trial and error simulations are needed.
Some initial results showed that a class A spectral match can be achieved by using 32 different wavelengths across the 350nm-1300nm range as shown in Fig. 9 . of LEDs and their potential of achieving a very good spectral match as well as their capability of simulating different spectra by varying their output [2] - [9] . However, no fully based LED solar simulator has been presented so far following the directionality approach using optics.
Several optical layouts using different types of LEDs and primary optics were examined to evaluate the irradiance levels, the non-uniformity results and the spectral match which can be achieved in an effort to build a class AAA LED solar simulator. To achieve a cost effective optical design that meets the criteria of an AAA LED solar simulator, the collection efficiency should be maximized. As a result less LEDs and optical elements will be used to achieve the desired intensity of 1000 W/m 2 . It is shown in this study that the usage of primary optics is of great importance if the desired irradiance levels are to be reached without using a large number of LEDs. A distance of 1m between the illuminated area and the LEDs was chosen in an effort to find a balance between the collection efficiency and the non-uniformity of light. The collection efficiency proved to be satisfactory when the parabolic mirrors and total internal reflectors were used as primary optics as they offer high collimation of light. The TIR was chosen as it performed better.
A non-uniformity of 1.5% over a 32cm x 32cm illuminated area was only reached for lamp sizes greater than 700cm x 700cm for a 1mm distance between LEDs. However, even greater distances did not improve the non-uniformity as the number of LEDs that fit in the same area reduces. These results lead to the conclusion that in order to keep the lamp size smaller secondary optics will need to be employed to homogenize the light output of the LEDs. The usage of TIRs is very crucial since the light input of secondary optics needs to be highly collimated. On the other hand the initial results for the spectral match are very promising leading to a class A using 32 different wavelengths.
In conclusion, the key to a successful project is that powerful primary optics are used to maximize the collection 978-1-4799-3299-3/13/$31.00 ©2013 IEEEefficiency and collimation of light. The usage of secondary optics will determine the good mixing and uniformity of light whereas the LEDs' wavelengths and number of each wavelength will result in a class A spectral match.
